The synthesis of a new conjugated material is reported; BDHTT-BBT features a central electrondeficient benzobisthiazole capped with two 3,6-dihexyl-thieno[3,2-b]thiophenes. Cyclic voltammetry was used to determine the HOMO (À5.7 eV) and LUMO (À2.9 eV) levels. The solid-state properties of the compound were investigated by X-ray diffraction on single-crystal and thin-film samples. OFETs were constructed with vacuum deposited films of BDHTT-BBT. The films displayed phase transitions over a range of temperatures and the morphology of the films affected the charge transport properties of the films. The maximum hole mobility observed from bottom-contact, top-gate devices was 3 Â 10
Introduction
In the design of new materials for organic semiconductor devices, the incorporation of fused thiophenes and other aromatic structures into conjugated architectures provides several advantages over simple non-fused analogues. [1] [2] [3] [4] [5] [6] [7] Increased planarity and rigidity in such structures lead to better p-orbital overlap and a lower HOMO-LUMO gap, whilst the two-dimensional (i.e. flat) nature of the materials leads to efficient p-p stacking between molecules. Photoluminescence quantum yields are also known to be higher for fused systems compared to analogous non-fused structures, due to a restriction in torsional freedom. 8 Compounds consisting solely of core fused aromatics (e.g. pentacene, 9, 10 and dinaphtho- [2,3-b:2 0 ,3 0 -f]thieno [3,2-b] thiophene, DNTT 11, 12 ) represent efficient and comprehensively studied charge transport materials, but they suffer from poor solubility and need to be processed by vacuum deposition techniques to afford thin films. Solution processability is desirable for the cheap manufacture of organic semiconductor devices, so the functionalisation of fused compounds with long-chain or bulky alkyl groups is an obvious means to this end. 13 The correct choice of substituent, however, can deliver a secondary benefit to the material by utilising van der Waals interactions to complement the self-assembling p-p stacking motif. Liquid crystalline properties are often observed for such materials and this can be used to good effect in optimising charge transport properties through thermal annealing procedures.
14-16
The introduction of heterocyclic units into fused structures can lead to stabilised HOMOs and wider HOMO-LUMO gaps compared to oligoacenes. 17 This strategy avoids trap states 18 that are often seen with pentacene and related materials, leading to instability in air. There has been interest lately in conjugated materials incorporating electron-deficient heterocycles, such as [1, 3, 4] thiadiazoles [19] [20] [21] [22] [23] and dibromobenzo [1,2- 
24-27 particularly due to their relevance to n-type materials. 28 Recently, we reported a novel material (1) based on a benzobisthiazole core with hexylthiophene end units. 29 This compound self-assembles into a rare example of an organic semiconductor molecule in which there is a three-dimensional arrangement of overlapping orbitals in the bulk: two directions through p-p stacking and the third through infinite chains of S/N close contacts. In an attempt to improve the charge transport properties of this material, we have synthesised an extended analogue of compound 1 featuring fused dialkyl thienothiophene end units (BDHTT-BBT). Although the same three-dimensional ordering is not observed in this compound, the material demonstrates a high propensity to self-assemble in the solid state with phase transitions over a short temperature range, which highlights the need to perform studies such as thermal annealing for the optimisation of device performance. In this article, we focus on the morphology of thin films of BDHTT-BBT annealed at different temperatures and compare these results with the crystal structure of the compound. Organic field effect transistors were fabricated and the hole mobilities of the treated films are discussed.
Results and discussion

Synthesis
The synthesis of BDHTT-BBT is presented in Scheme 1. 3,6-Dihexyl-thieno[3,2-b]thiophene 30 (2) was prepared according to the generalised method for dialkyl thienothiophenes, developed by McCulloch et al. 16 Lithiation of compound 2 by n-butyllithium at À30 C in THF was followed by the addition of trimethyltin chloride, affording compound 3 in 70% crude yield. After aqueous work-up, the stannyl reagent was used without further purification in the next stage of the synthesis. Microwaveassisted coupling of 2,6-dibromobenzo [1,2- 
29 with a small excess of 3 under Stille conditions gave the target compound BDHTT-BBT in 62% yield.
Determination of energy levels
Cyclic voltammetry experiments were performed with CH 2 Cl 2 solutions of the substrate in 0.1 mM concentration. TBAPF 6 was used as the supporting electrolyte in 0.1 M concentration. The working electrode was glassy carbon and the data are referenced against ferrocene, which was used as the internal standard. The voltammogram in Fig. 1 shows a quasi-reversible oxidation peak at E 1/2ox ¼ +1.05 V and a reversible reduction peak at E 1/2red ¼ À1.91 V. A second irreversible oxidation process is seen at +1.18 V. The corresponding HOMO and LUMO levels for BDHTT-BBT (the onsets of the first oxidation and reduction peaks) are À5.74 and À2.89 eV, respectively. This corresponds to an electrochemical HOMO-LUMO gap of 2.85 eV. The HOMO level is quite low-lying compared to that of gold and this presents a problem for charge injection in devices (vide infra). We attempted the electrochemical polymerisation of BDHTT-BBT by repetitive cycling over both of the material's oxidation waves, but no material was detected at the working electrode.
The UV-vis absorption spectrum of BDHTT-BBT was recorded in dichloromethane and can be seen in Fig. 2 ). The absorption spectrum for compound 1 in chloroform solution displays fine structure (359, 378 and 398 nm) also indicating a rigid conformer in solution state. 29 The optical HOMO-LUMO gap was calculated to be 2.73 eV, which is in close agreement with the HOMO-LUMO gap determined by cyclic voltammetry.
Crystallography
Long yellow needles of BDHTT-BBT were grown by layered diffusion from acetone-chloroform and the molecular structure of the compound is shown in Fig. 3 . The heterocyclic units linked by single bonds show a high degree of coplanarity with maximum dihedral angles of 3.36 between the central benzobisthiazole core and the dithienothiophene rings. Non-covalent S/N interactions between these units act to hold the molecule in a planar conformation, 20 which should enhance conjugation within the molecule and help to improve charge transport through efficient p-p interactions. The distance between the thienothiophene sulfur and the benzobisthiazole nitrogen atoms is 2.97 A. This is significantly shorter than the sum of the van der Waals radii of the two atoms (S + N ¼ 3. 35 A).
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From single-crystal X-ray diffraction of the bulk material, it is seen that the molecules assemble into columns with a slippedstack structure, allowing two stacks to form a herringbone pattern (Fig. 4) . The interplanar p-p distance between molecules is 3.52
A. Between the stacks the molecules' alkyl chains are interdigitated, restricting the p-p contacts to two dimensions. Also, the intermolecular S/N interactions present in the bulk of compound 1 are not observed in the packing of BDHTT-BBT, leading to the loss in 3D ordering.
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Thin-film studies X-Ray diffraction studies were performed on thin-film samples of BDHTT-BBT drop-cast from chlorobenzene and then annealed at 80-100 C (Fig. 5) . The results showed that the material has crystalline order in the thin-film state before and after annealing. The initial pre-annealed film shows four main peaks at d ¼ 16.8 A, 15.6 A, 14.7 A and 6.9 A (Fig. 5b) . After heating the film at 80 C for 16 hours and then 100 C for a further two hours, the XRD pattern changed to represent a more uniform film with a single interlayer distance (d-spacing) and a series of higher order diffractions (12.7 A, 6.4 A, 4.4 A, 3.3 A and 2.7 A; Fig. 5c ). Both films give XRD patterns that are quite different from the set of data obtained from crushed crystals of BDHTT-BBT (Fig. 5a ), and therefore a meaningful comparison with the single-crystal X-ray structure cannot be made.
BDHTT-BBT films were prepared by vacuum deposition. From polarised optical microscopy, the as-deposited film (Fig. 6a) , did not feature any crystalline regions, but after annealing at 80 C for 16 hours two distinct phases were observed in the film. The first of these (Fig. 6b) , is a crystal B phase, a soft crystal lamellar structure with long-range hexagonal positional order and local rotational disorder. Fig. 6c shows the crystal E phase, which has long-range orthorhombic ordering with local molecular flipping. Raising the annealing temperature to 100 C for 2 hours caused the crystal B phase to be replaced entirely by the crystal E phase.
Differential scanning calorimetry (DSC) was performed on a bulk sample of BDHTT-BBT (Fig. 7) . After the removal of the thermal history with a heating cycle, it was observed that on heating (À10 C to 250 C, 10 C min À1 ) BDHTT-BBT gave a melting point at 145.2 C and on cooling a crystallisation point at 48
C. Subsequent heating displayed two endothermic processes upon heating, at 116.6 C and 144.5 C. The first was assigned to a crystalline polymorph transition.
OFET fabrication and characterisation
In order to determine the charge transport properties of this material, organic field-effect transistors (OFETs) were fabricated and characterised. Here a bottom-contact, top-gate (BCTG) device architecture was employed (see inset of Fig. 8 ). This architecture is known to result in good charge-transport characteristics because of a large electrode-semiconductor interfacial area 32 and low concentration of trap states at the semiconductordielectric interface.
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Fig . 8 shows the transfer characteristics (drain current I D , as a function of gate voltage V G ) of a BCTG OFET fabricated from BDHTT-BBT. This device had a channel width (W) and length (L) of 500 mm and 10 mm, respectively. Using standard semiconductor models, 32 the field effect mobility can be determined from eqn (1) and the transfer characteristics of Fig. 8 to be approximately 3 Â 10
Here C i is the geometrical capacitance of the gate dielectric (2 nF cm À2 ). From plots of I D 1/2 against V G when biased in the saturation regime the threshold voltage was determined to be The relatively low mobility and large negative threshold voltage of these transistors are likely to be due to the relatively deep HOMO level of this material, and hence the large injection barrier from the gold source and drain electrodes (work function $À4.8 eV). Use of lower work function electrodes (such as platinum for example) is expected to improve the performance of these devices significantly. A similar effect could in principle be achieved through the use of suitable work function modifying self-assembling monolayers. 34 Transistors fabricated from BDHTT-BBT annealed at higher temperatures (i.e. containing the E phase), gave lower field effect mobilities than the device described above.
Experimental General
Melting points were taken using Stuart Scientific apparatus and are uncorrected. Elemental analyses were conducted on a Perkin Elmer 2400. MALDI-TOF spectra were run on a Shimadzu Axima-CFR spectrometer (mass range 1-150 000 Da). X-Ray powder diffraction data were collected using a Siemens D500 diffractometer operating in Bragg Brentano geometry using Cu Ka radiation. DSC was measured on a TA Instruments DSC Q1000, with all the data being processed with TA Instruments Universal Analysis 200 software. The sample (ca. 2-4 mg), was weighed into a crimped aluminium pan and the analysis was performed under a flow of nitrogen (20 ml min À1 ) through the following steps: equilibrate at 25.0 C; isothermal for 1.00 min; ramp 10.0 C min À1 to 250.0 C; end of cycle 1; isothermal for 1.0 min; ramp 10.0 C min À1 to À10 C; end of cycle 2; isothermal for 1.00 min; ramp 10.0 C/min to 300.0 C; end of cycle 3. Column chromatography was performed with commercially available solvents and using VWR silica gel (40-63 mm). Thin layer chromatography (TLC) was performed using aluminium plates pre-coated with Merck silica gel 60 (F 254 ) and visualised by ultra-violet radiation and/or iodine vapour. The chemicals were purchased from Sigma-Aldrich and used without further purification, unless stated otherwise. Anhydrous solvents were obtained from a PureSolv solvent purification system.
Cyclic voltammetry measurements were performed on a CH Instruments 660A Electrochemical Workstation with iR compensation, using anhydrous dichloromethane as the solvent. Absorption spectra were recorded on a UNICAM UV 300 instrument in dichloromethane solution. C. n-Butyllithium (0.84 ml, 1.89 mmol, 2.25 M solution in hexane) was added dropwise and the reaction was stirred for 1 h. Trimethyltin chloride (1.88 ml, 1.88 mmol, 1.0 M solution in THF) was added dropwise and the reaction mixture was stirred for 1 h at À30 C, after which it was left stirring overnight at room temperature. The reaction mixture was washed with saturated ammonium chloride solution and water. The aqueous mixture was extracted with diethyl ether (3 Â 80 ml) and dried over MgSO 4 . The solvent was removed under reduced pressure and the product was obtained as a clear oil (620 mg, 70%). The material was used without further purification. C for a period of 2 h. The resultant mixture was poured into chloroform and washed with 2 M HCl (2 Â 100 ml) and water (2 Â 100 ml). The organic layers were dried over MgSO 4 and the solvent was removed under reduced pressure. The crude material was purified by column chromatography (hexane : CH 2 Cl 2 2 : 1). Recrystallisation by layered diffusion from a chloroform/acetone solution afforded the product as long yellow needle-like crystals (265 mg, 62% yield OFET fabrication. OFETs were fabricated on highly doped silicon substrates with a thermally grown 400 nm layer of silicon dioxide. The SiO 2 layer was treated with the primer hexamethyldisilazane (HMDS). HMDS has been reported to improve charge transport in OFETs due to improved crystal formation.
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45 nm gold source and drain electrodes were then thermally evaporated onto the substrates through shadow masks. A 50 nm layer of BDHTT-BBT was deposited by vacuum deposition at a base pressure of 10 À9 bar and an average rate of 1 A s
À1
. The devices were then annealed for 15 hours at 70 C to improve the crystal structure and charge-transport properties of the films. A fluorocarbon polymer dielectric (CYTOPÔ) was deposited on top of the semiconductor by spin-coating. Finally, 80 nm aluminium gate electrodes were deposited by vacuum deposition. Electrical characterisation was carried out in N 2 at atmospheric pressure using a Keithley 4200 semiconductor parameter analyser.
Summary
We have presented the synthesis and electrochemical and solidstate properties of a new material (BDHTT-BBT). This compound was developed from a shorter-chain analogue, 1, to give a higher HOMO level and facilitate charge injection into the organic semiconductor. The HOMO of BDHTT-BBT was found to be À5.7 eV, whereas that of 1 is À6.0 eV. 29 However, in the bulk, the compound features different thermal behaviour to vacuum deposited films and the latter clearly show liquid crystalline textures. The hole mobilities of films containing the crystal B phase are higher than those of the E phase and this is commensurate with the higher level of disorder inherent in the latter. The mosaic nature of the crystal B phase is due to domains of molecules with the long axes lying in different directions. This type of structure will lead to grain boundaries and will impair charge transport in the bulk, which accounts for the unanticipated drop in mobility for BDHTT-BBT compared to compound 1. These observations are in good agreement with other systems where the degree of order intimately controls charge mobility, and that by being able to tune this, either by changes of deposition conditions (for instance, changing the annealing temperature, the nature of the substrate or film thickness), one can improve the charge mobility within a device. 36 We have looked at different methods for processing films of BDHTT-BBT and investigated annealing effects. Whilst the photophysics of these films and the corresponding HOMO/ LUMO energy levels will only experience small perturbations, the difference in morphology impacts significantly on the charge transport characteristics of the material.
